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Titanium Oxynitride (TiOxNy) thin films are fabricated using reactive magnetron sputtering. 
The mechanism of their growth formation is explained and their optical properties are presented. 
The films grown when the level of residual Oxygen in the background vacuum was between 
5E-9Torr to 20E-9Torr exhibit double Epsilon-Near-Zero (2-ENZ) behaviour with ENZ1 and 
ENZ2 wavelengths tunable in the 700-850 nm and in the 1100-1350 nm spectral ranges, 
respectively. Samples fabricated when the level of residual Oxygen in the background vacuum 
was above 2E-8Torr exhibit non-metallic behaviour, while the layers deposited when the level 
of residual Oxygen in the background vacuum was below 5E-9Torr, show metallic behaviour 
with a single ENZ value. The double ENZ phenomenon is related to the level of residual 
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Oxygen in the background vacuum and is attributed to the mixture of TiN and TiOxNy/TiOx 
phases in the films. Varying the partial pressure of nitrogen during the deposition can further 
control the amount of TiN, TiOx and TiOxNy compounds in the films and, therefore, tune the 
screened plasma wavelength. A good approximation of the ellipsometric behaviour is achieved 
with Maxwell-Garnett theory for a composite film formed by a mixture of TiO2 and TiN phases 
suggesting that double ENZ TiOxNy films are formed by inclusions of TiN within a TiO2 
matrix. These oxynitride compounds could be considered as new materials exhibiting double 
ENZ in the visible and near-IR spectral ranges. 
 
1. Introduction 
As optoelectronic components become nano-dimensional, controlling the coupling between 
light and matter at the nanoscale has become a major technological challenge, as well as the 
subject of theoretical studies. Plasmonics has been established as the backbone of this new 
nanophotonic technology, exploiting the strong interactions between electromagnetic radiation 
and plasma oscillations in metallic nanostructures, which lead to the establishment of hybrid 
modes overcoming the diffraction limit1,2. Traditionally based on materials such as Ag and Au, 
it is now recognized that the materials base should be widened with a view to integration with 
semiconductor (e.g., CMOS-based) technology. 
 
In the search for alternative plasmonic materials, titanium nitride (TiN) was proposed as a 
possible candidate to be used in the near infrared domain3,4.  TiN films are one of the most 
studied systems, finding widespread use in a number of applications5,6,7,8,9. The suitability of 
TiN films for plasmonic application has been recently the subject of extended research10,11. The 
colour of stoichiometric TiN films12,13 hints at their similarity to gold. As confirmed by 
ellipsometric measurements14, 15, the plasma frequency in recent plasmonics literature is ~500 
nm and the epsilon-near-zero (ENZ) behaviour (where the real part of permittivity is close to 
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zero), extends up to around 1000 nm. In turn, its counterpart Titanium dioxide (TiO2) is a well-
known insulator and oxide semiconductor with many applications in important research areas 
such as solar energy harvesting16 and photocatalysis17.  
 
A number of intermediate phases of general composition TiOxNy called Titanium oxynitrides 
are found midway between TiN and TiO2. Their properties are similar to those of the respective 
parent materials when the composition is near that of pure systems. They change in properties 
when they evolve from one pure phase to the other.  However, there are several questions about 
these intermediate oxynitride phases that still need to be answered.  In particular, whether they 
are stable and how their optical properties depend on the TiOxNy composition. Preparation of 
Titanium oxynitrides through either oxidation of TiN or nitridation of TiO2 is not 
straightforward. On one hand, the oxidation of the TiN quickly leads to formation of TiO218 
and on the other, nitrogen implantation in TiO2 leads to substantial reconstruction of the surface 
due to strong reduction and only a small amount (2-3%) of implanted nitrogen can be reached19. 
 
A major breakthrough, in terms of plasmonic applications, has been the development of ENZ 
metamaterials in the desired frequency range, which have many anticipated applications20 as a 
result of their perfect absorber behaviour, supercoupling effect21,22, radiation directivity23,24, 
and nonlinearity enhancement25, 26. Recently, a broadband ENZ in the near-infrared has been 
reported for a multilayer of Indium Tin Oxide (ITO) films having different doping densities27 
as well as for nanorod-based metamaterials28. Another option to achieve broadband ENZ has 
been the addition of metallic inclusions to a dielectric film, with the filling factor changing 
along the direction of growth29. Metal-dielectric layers of varying thicknesses and geometries, 
and transparent conductive oxides, have also been suggested24,30.  
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Here, the mechanism of formation of titanium oxynitride thin films and their optical properties 
with tunable ENZ behaviour is investigated. We present the technological conditions for 
deposition of titanium oxynitride thin films with unusual double ENZ frequencies.  It is shown 
that they can be modified by changing the film deposition conditions.  We propose these 
oxynitrides as alternative plasmonic materials exhibiting double ENZ in the visible and near-
IR spectral ranges. 
 
2. Results 
A series of TiOxNy thin films have been deposited on MgO and Si substrates by reactive 
sputtering of Ti targets at room temperature using an Ar-N2 gas mixture. The sputtering system 
was equipped with Residual Gas Analyser (SRS), which was used to measure amount of 
residual gases in the vacuum chamber before deposition, and therefore to control the level of 
background Oxygen by pre-deposition chamber conditioning (e.g., high temperature baking of 
the and/or pre-sputtering of titanium, which is known as a good oxygen getter).  
 
In the first set of experiments, a series of 50 nm TiOxNy films were sputtered on Si substrates 
using a gas mixture of 70%Ar+30%N2 (the total deposition gas pressure was 1.5 mTorr). A 
Residual Gas Analysis of the vacuum was carried out before starting the growth. Three different 
scenarios were studied: first deposition at room temperature, without any chamber preparation 
(baking or pre-sputtering of Titanium); second, prior deposition at room temperature, the 
chamber and substrates were baked at 250ᵒC for 2 hours; and third the chamber and the substrate 
were heated to 600ᶛC and kept at this temperature for 30 minutes while we performed a Ti pre-
sputtering. The effect of the chamber preparation on the residual oxygen in the chamber can be 
seen in the Table 1.  
The optical properties presented in Figure 1 (a and b), show the different behaviour of the real 
and imaginary parts of the dielectric constant of the deposited thin films obtained from 
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ellipsometric measurements. When comparing these behaviours with the Residual Gas Analysis 
data (presented in Table 1), one can draw the conclusion that the reason for the different optical 
properties is linked to the level of residual Oxygen in the background vacuum.  
Samples fabricated when the level of residual Oxygen in the background vacuum was above 20 
nTorr (High Residual Oxygen) at both room and high temperatures exhibited non-metallic 
(TiO2 – like) behaviour, while the layers deposited when the level of residual Oxygen in the 
background vacuum was below 5 nTorr (Low Residual Oxygen), showed metallic (TiN – like) 
behaviour with ENZ value  around a wavelength of 600 (Figure 1a). The real part of their 
dielectric constants Re{ε} is continuously decreasing, with negative values throughout most of 
the visible and infrared ranges, while the imaginary part constantly increases almost linearly. 
This behaviour corresponds to what has already been reported for TiN films grown at high 
temperatures10.  
 
The films deposited with the level of residual Oxygen in the background vacuum between 5 
nTorr to 20 nTorr (Medium Residual Oxygen) yield a 2ENZ behaviour with 2 ENZ frequencies 
around 600 nm and 1500 nm. This unusual phenomenon is not influenced by the films’ 
crystallinity. We attribute the appearance of double ENZ frequency to the mixture of TiN and 
TiOxNy/TiOx phases in the films. 
 
To better understand the influence of the mixing of the TiN and TiOx phases on the optical 
properties of the Medium Residual Oxygen deposited samples, a Maxwell- Garnett formalism 
has been used to simulate the experimentally observed optical properties (Figure 1c and d). In 
this model, the oxinitrite films were treated as a composite of different phases and effective 
dielectric constants were calculated. Two scenarios were considered with either TiO2 
inclusions in TiN films or, the other way around, TiN inclusions in TiO2 films. We used 
literature data for TiN and TiO238 and the Maxwell Garnett model39. The simulation results 
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suggest that the double ENZ behaviour ellipsometry appears only for the case of TiN inclusions 
into the TiO2 matrix, while TiO2 inclusions in the TiN matrix do not result in double-ENZ 
behaviour. The latter can be easily understood as TiN inclusions would have a plasmonic 
polarizability while TiO2 inclusions would not. It should be noted also that in both cases, the 
presence of TiO2 for high TiN content appears to red shift the ENZ point. Therefore, even the 
Low Residual Oxygen deposited films with ɛ=0 near 700 nm could well include TiO2 (which 
is confirmed by the XPS and SIMS results and will be discussed below). For pure TiN films, 
the ENZ is expected to be close to 500 nm. These results of the Maxwell - Garnett modelling 
correspond remarkably well to our experimental results confirming the formation mechanism 
of TiOxNy films as TiN inclusions into a TiO2 matrix.  
 
The partial pressure of N2 (within the N2-Ar sputter gas mixture) (as well as the deposition 
temperature) govern the nitride saturation of the growing TiN film.  Reducing the amount of 
nitrogen in the sputter gas mixture, results in the formation of non-saturated TiN layer, which 
forms TiOx and TiOxNy phases due to residual oxygen inside the growth chamber. 
Varying the content of the deposition gas mixture, one can control the amount of TiN, TiOx 
and TiOxNy in these films and therefore change the optical properties of the samples (see 
Figure 2, discussed in detail below).  
To explore the above hypothesis a second set of experiments was carried out. A series of thin 
films were sputtered at room temperature in a chamber with Medium Residual Oxygen level 
using sputter gas mixture with N2 partial pressure varying in the range between 5% and 30% 
of the total gas pressure. The samples’ optical measurement results are presented in Figure 2. 
 
These films exhibit two distinct epsilon-near-zero frequencies (Figure 2a). The real part of the 
dielectric constant of the samples deposited at room temperature and nitrogen partial pressures 
between 5% and 30%  decreases with the increase of wavelength from the ultra-violet range, 
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becoming negative around 700—750 nm, and starting to increase around 1000-1100 nm and 
finally becoming positive again after 1350 nm. For the samples fabricated at nitrogen partial 
pressures of 5%, the overall behaviour is the same, but the two ENZ frequencies are 850 nm 
and 1200 nm. The imaginary part of these samples’ dielectric constant (Figure 1b) is nearly 
constant until 600 nm, and then significantly increases throughout the measured range showing 
losses, significantly higher than values reported for Au films10 at the 2nd ENZ point. We 
attribute the tunable double ENZ behaviour of the room temperature deposited samples to the 
mixture of TiN and TiOxNy/TiOx phases in the films. Moreover, the XPS studies show that for 
the Medium Residual Oxygen fabricated films, the ratio between TiN and TiOx does not depend 
on the depth, but we observed higher oxidation near the surface (which is normal after exposure 
to air).  
Disappearance of the double-ENZ behaviour in the samples deposited at high temperature is 
due to the (nearly) complete TiN structure saturation caused by the temperature enhanced 
nitrogen diffusion and low reactivity with available oxygen. 
To verify this hypothesis, we compared the Low Residual Oxygen deposited samples (grown 
at 600oC) with the Medium Residual Oxygen deposited samples (grown at room temperature). 
Samples were placed in the XPS system and in-situ Ar ion milled for 20 seconds before an XPS 
spectra were acquired. The process of milling-data acquiring was repeated in cycles for up to 
300 seconds total sputtering time. The ion sputtering rate has been estimated to be 
approx.0.26nm/min. The XPS results become constant (i.e., surveys stopped changing) after 
the third milling- data acquiring cycle. Figure 3 shows the Ti 2p (Figure 3a) and N 1s (Figure 
3b) XPS spectra of samples deposited at 20% N2 partial pressure in vacuum chamber with Low 
Residual Oxygen, and Medium Residual Oxygen. The spectra show signals at the characteristic 
binding energies of TiNx, TiOxNy, and TiOx31, 32. Table 2 shows the calculated relative atomic 
percentages of the three different chemical states of Ti in the samples (the fitting procedures 
used to calculate these percentages are shown in the supplementary information). Low Residual 
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Oxygen deposited samples consist mainly of titanium nitride, with a small amount of titanium 
dioxide (3.5%) and oxynitride (9.6%). Medium Residual Oxygen deposited samples exhibit a 
considerably higher content of both titanium dioxide (10.1%) and titanium oxynitride (18.6%). 
These results are confirmed by Secondary Ion Mass Spectroscopy (SIMS) measurements on 
20% N2 partial pressure samples (Figure 3c and d). SIMS depth profiling shows that the film 
composition is uniform, except for the enhanced secondary ion signals near the surface (no 
capping layer has been used) and at the interface with the MgO substrates. 
The higher content of oxidation states of Ti in the Medium Residual Oxygen fabricated samples, 
is due to the greater proportion of broken-bond defects or unreacted Ti atoms, to which residual 
oxygen then becomes attached. The N 1s peak at ~397 eV for all the films (see supplementary 
figure 13S) in the present case can be attributed to nitrogen in the Ti-N bonds33. The very intense 
nature of this N 1s component peak is indicative of nitride formation in the film. The N 1s peak 
at lower binding energy (∼396 eV) has been associated to terminally bound nitrogen that is 
released during nitridation of Ti-O sites or in surface oxynitrides32,33. This peak has been noted 
by several authors for nitrides and oxynitrides of Ti grown by various methods33, 34. In fact, in 
a theoretical paper, Graciani et al.35 argue that the most stable way of growing good quality Ti 
oxynitrides is through nitrogen incorporation of the most stable alpha-TiO phase, which is 
isostructural with TiN. According to their calculations, it is much easier to implant N2 into the 
TiO than implant N2 into TiO2, which is the usual way of growing TiOxNy33. Our electrical 
measurements show the resistivity of the samples decreases as the intensity of the XPS TiN 
characteristic signal increases in comparison to the intensity of the characteristic TiOxNy 
signal ; the characteristic TiN signal at approximately 455 eV increases in comparison with the 
TiO2 and TiOxNy signals in the Ti 2p spectra (see Figure 3 and Table S1 in the supplementary 
information). A full survey of the relative percentages of each of the Ti, O and N components 
found in the films can be found in the supplementary data.  
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The films’ electronic properties were studied using Kelvin Force Microscopy (KFM) and Hall 
effect measurements. To check the electrical film uniformity, we performed KFM on both Low 
and Medium Residual Oxygen grown films (results in supplementary) and found a complete 
uniformity in the electrical conductivity, with no microscopic segregated phases.  
All samples grown at Medium Residual Oxygen exhibited electron concentrations in the order 
of 1022 carriers/cm3 (Figure 4a), similar to the values encountered in the literature for titanium 
nitride and oxynitride31. The samples’ electron mobility (Figure 4b) increased from 0.03 cm2V-
1s-1, for samples fabricated at 5% nitrogen partial pressure, to 0.1 cm2V-1s-1 for samples 
fabricated at 30% nitrogen partial pressure, respectively. This is in agreement with earlier 
results for samples with similar Ti:O ratios31. Furthermore, such small mobility values are to 
be expected for sputtered polycrystalline films.  
Very recently, two studies regarding the effect of post growth vacuum annealing on RF 
sputtered TiN films36, and the effect of changing the deposition conditions (gas mixture, 
substrate temperature, biasing of substrate during growth)37 have shown a wide tunability of 
the screened plasma wavelength in the 500—720 nm spectral range. This was attributed to a 
change in the crystallinity or composition with annealing temperature, but no double ENZ 
behaviour has been reported. 
The optical losses observed in the samples grown at Medium and High Residual Oxygen 
(Figure 1b and Figure 2b) are like the optical losses of the TiN films, and realtively higher than 
the losses usually measured in Transparent Conductive Oxides (TCO) such as ITO, AZO and 
GZO3. This is not surprising given that contributions to losses come from both TiN and 
TiO2/TiOxNy phases found in these films. TCOs are known to provide low carrier 
concentrations which in turn lead to a low imaginary dielectric permittivity, and hence low 
losses. Transition metal nitrides have higher losses because of their large carrier concentration. 
That is the case in the comparison in Figure 1b where the low residual oxygen sample has the 
highest losses compared to the RT high residual oxygen sample. However, at the 2nd ENZ point 
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the losses reported in our medium residual oxygen grown samples are even higher than those 
found at the first ENZ, leading us to believe that even though the sample become dielectric in 
its optical behaviour, the TiN contribution (compared to the TiO2/TiOxNy) is still important 
enough to produce a large net carrier concentration (see Figure 4 a) and hence high imaginary 
dielectric permittivity. Finally, despite its relatively higher (compared to traditional TCOs) 
optical losses in the near IR spectre, TiON is attractive for plasmonic applications mainly 
because its controlled ENZs tunability, low cost, and high temperature stability and easy 
integration with the semiconductor technology.  
 
4. Conclusion 
We have shown that composite films containing nanocrystalline phases of Titanium nitride and 
Titanium oxide exhibit unusual double ENZ properties that can be tuned via controlling 
deposition parameters and thus influencing the ratio between these phases. The reason for its 
appearance is the level of residual Oxygen in the background vacuum that reacts with Ti during 
deposition. We have also confirmed that the double-ENZ behaviour appears only on the 
samples where TiN is incorporated in pre-existing TiO2 matrix. The two ENZ frequencies of 
the TiOxNy films could be further tuned by changing the partial pressure of the nitrogen in the 
sputter gas mixture. We should emphasize that in our studies the double ENZ behaviour has 
been observed, in both thin amorphous TiOxNy films on MgO and Si substrates, thus allowing 
one to fabricate, control and engineer tunable plasmonic and metamaterial devices, using 
CMOS compatible technology.  
 
5. Experimental  
Titanium (oxy)nitride (TiOxNy) thin films were deposited on 10 x 10 mm2 MgO (001) 
substrates (Crystal GmbH Berlin) and on Si(100) p-doped substrates, by RF reactive magnetron 
sputtering, from a high purity Ti (99.995%) target (Pi-kem), using a MANTIS Deposition 
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System. The power fed on the Ti cathode was maintained constant (200 W). The deposition 
was carried out using a gas mixture of Ar and N2 with total constant pressure of (0.2 Pa). The 
samples have been fabricated at nitrogen partial pressures (N2/(Ar+N2)) of 5, 10, 20 and 30% 
at two different temperatures: room temperature and 600 0C. Nominal thicknesses of 50 nm 
were targeted but a thickness of around 40±5 nm was obtained for higher N2 content. (This is 
a known effect because of target nitridation 32 and corresponding lower deposition rate). All 
films were analyzed ex-situ after at least 96 hours exposure to clean air, at room temperature.  
 
X-Ray Diffraction (XRD) has shown that the films deposited at RT were amorphous, while the 
film deposited at 600 0C exhibited a textured structure with (001) orientation (not shown here). 
A Phillips Panalytical MPD X-ray diffraction system, equipped with a graphite monochromator 
coupled with a scintillation counter detector, using Cu Kα radiation (λ = 1.5405 nm) working 
in the Bragg-Brentano was used to investigate the crystallographic structure and phase 
composition of the films. Atomic force microscopy (AFM) was performed using a Bruker 
INNOVA instrument. The film thickness of all samples measured using a Dektak 150 surface 
profiler. 
All XP spectra were recorded using a K-alpha+ XPS spectrometer equipped with a MXR3 Al 
Kα monochromated X-ray source (h = 1486.6 eV). X-ray gun power was set to 72 W (6 mA 
and 12 kV).  With this X-ray setting, the intensity of the Ag 3d5/2 photoemission peak for an 
atomically clean Ag sample, recorded at a pass energy (PE) of 20 eV, was 5 × 106 counts s-1 
and the full width at half maximum (FWHM) was 0.58 eV. Binding energy calibration was 
made using Au 4f7/2 (83.96 eV), Ag 3d5/2 (368.21 eV) and Cu 2p3/2 (932.62 eV).  Charge 
compensation was achieved using the FG03 flood gun using a combination of low energy 
electrons and the ion flood source. Argon milling of the samples was done using the standard 
EX06 Argon ion source using 500 V accelerating voltage and 1 µA ion gun current. Survey 
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scans were acquired using 200 eV pass energy, 0.5 eV step size and 100 milliseconds (50 ms x 
2 scans) dwell times. All high-resolution spectra (C 1s, N 1s, Ti 2p and O 1s) were acquired 
using 20 eV pass energy, 0.1 eV step size and 1 second (50ms x 20 scans = 1000 ms) dwell 
times. For these measurements, samples were prepared by pressing the sample onto carbon 
based double side sticky based tape and analysed at an electron take-off angle normal to the 
surface with respect to the analyser. 
Casa XPS was used for data interpretation. Shirley or two-point linear background subtractions 
were employed depending on background shape. Thermo scientific sensitivity factors were 
used for quantification analysis. Peaks were fitted using GL(30) line shapes; a combination of 
a Gaussian (70%) and Lorentzian (30%).  All XP spectra were charge corrected by referencing 
to the TiO2 peak in the Ti 2p signal to 458.5 eV. 
SIMS depth profiling of the thin films was carried out using an IONTOF ToF-SIMS 5 
instrument. The analytical ion beam used was a 25 keV Bi+ LMIG, in high current bunch mode 
with a beam current of approximately1 pA. The analytical area was 100 µm2. Depth profiling 
was performed with a 1 keV Cs+ ion beam with a current of 75 nA and the sputter crater area 
 
 
The electrical resistivity, charge carrier concentration and mobility of the films were 
investigated by using a Hall measurement system in Van der Pauw geometry at 1.6 T magnetic 
field, alternated at 50 mHz, using soldered indium contacts. 
 
For the optical characterisation of the films a Horiba Jobin-Yvon Uvisel 2 ellipsometer was 
employed. Phase modulation reflection ellipsometry measurements were carried out at a 70° 
angle of incidence, with an optical spot size of 2 x 0.7 mm2. As it is the case when the films 
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thickness is much smaller than the incident wavelength, a three-phase model was used, for the 
two interfaces: air/film and film/substrate. The optical constants of the films were extracted 
from the acquired spectra using the Marquardt minimization algorithm; the optical constants 
of the MgO substrate and the thickness of the TiOxNy films were considered to be known; 
therefore, the optical constants of the films were fitted to the experimental data, without 
considering any pre-defined function or theoretical model.  
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Figure 1. (a) Real and (b) imaginary dielectric constants of the films deposited at the different 
partial oxygen content and temperatures as indicated in the panels. (c) and (d) Dielectric 
constants simulated using  a Maxwell-Garnett model considering a composite formed by TiN 
inclusions in TiO2 (c) and TiO2 inclusions in TiN (d). 
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Figure 2. The real (a) and imaginary (b) dielectric constants of the RT fabricated films under 
different N2 partial pressures.  
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Figure 3. (a) Ti 2p XP spectra of samples deposited at 20% N2 partial pressure for 600C  and 
room temperature after a few consecutive sputtering cycles. (b) N 1s spectra for the same 
conditions. The lines mark characteristic binding energies of different Ti chemical states. (c) 
and (d) SIMS profiles of 20% Nitrogen for TiOxNy (c) and TiOx (d) phases. 
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Figure 4. a) Carrier concentration, b) carrier mobility and c) ENZ band tuning versus 
Nitrogen partial pressure for medium oxygen content films.  
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Table1. Resistance, resistivity and partial pressure before sputtering for the three chamber 
preparation scenarios studied 
 
 
 
 
 
 
 
Table 2: Chemical binding of Ti in the samples fabricated at 20% N2 partial pressure.  
Sample deposition 
temperature 
TiN (%) TiOxNy (%) TiO2 (%) 
600 oC  87 9.6 3.5 
RT  71.3 18.6 10.1 
 
 
 
 
 
 
 
 
Deposition 
Temperature 
Pre-deposition 
conditioning 
Partial oxygen 
pressure (Torr) 
Resistance 
(Ω) 
Resistivity 
(Ωm x10-6) 
Room Temperature  None 2.80E-08 47 9.2 
Room Temperature  Preheating at 250 1.80E-08 14 2.5 
600C Heated at 600 and 
Ti pre-sputter 
7.00E-09 10 2.0 
